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The purpose of this research was to investigate electrode 
reactions in fused salt media. Although much work has been done 
in various fused salt systems, only recently has attention been 
paid to electrode reactions. It was felt that, techniques normally 
employed in aqueous media, especially those used in polarography, 
could be applied to fused salt systems at elevated temperatures. 
The application of such techniques requires the establishment of 
a working reference electrode. Impedance measurements in aqueous 
solutions at the dropping mercury electrode have been used to ob-
tain information concerning the kinetics of electrode reactions. 
It was thought that similar measurements might be made in fused 
salts, utilizing a solid mlcroelectrode. Thus, the aims of this 
research were: l) establishment of a reference electrode; 2) 
application of polarographlc techniques to obtain current voltage 
curves; 3) impedance measurements in fused salt systems. A fourth 





The electrochemistry of fused salts may still be regarded 
as in its elementary stages. The exact mechanism of conduction, 
the species of ions in the melts, the electrode reactions - all 
are open fields for experiment and theory. Some of the work 
t 
done and conclusions drawn, as well as the difficulties encoun-
tered,., will be presented. 
Bockris (22) has discussed the theoretical aspects of con-
ductivity and has given the relationship _/4_ = A exp -E/RT to ex-
press the relation between the equivalent conductance,^. , the 
activation energy of ionic migration, E, and the temperature, T. 
A is a constant. The equivalent conductance is defined as 
- k x equivalent weight 
-A. ~ density 
where k is the specific conductivity. The equation is valid 
under the assumption th-'t the cations carry a major share of 
the charge and that the viscosity is due mainly to the anions. 
In general, E increases with increasing catlonic valence and 
may be less for salts with a large degree of covalency. Bloom 
and Heymann have shown that the above expression holds for al-
kali and alkaline earth halideo, as well as for AgCl, T1C1, 
PbBr3 and CdCl2. LaCl3, AgBr, FbCls and ZnClg do not show a 
linear plot of log-A. against l/T (21). This behavior may be 
attributed to the Increased covalency of these compounds. They 
found that for the alkali and alkaline earth halides a change 
in cation of a given salt had a large effect on the conduc-
tivity, while a change in anion had only a small effect. 
3, 
It was concluded that most of the current was carried by the 
cation. The activation energies were also found to be smaller 
for more covalent compounds. Lorenz (105) and Arndt (8) have 
shown that, generally, conductivity Increases with temperature. 
Creighton and Kohler state that this Is due to a viscosity 
change (37). V/alden, working in molten substituted ammonium 
plcreates, arrived at the relationJiJ) Ju =: constant if the 
melts were highly dissociated. 7l is the viscosity and M the 
molecular weight of the particular substituted salt (154). How-
ever, it was "later shown thatV" ̂ af 0- uy^ eT
: ' which should 
equal unity if this relation were valid, did not hold for most 
other melts, since values greater than unity for the ratio were 
observed (58)• It may be that Grotthaus conductivity occurs 
or that the assumption of complete dissociation made by V/alden 
is not correct. Frenkel (65) and Karpachev (94) arrived at the 
relation ~km0j = constant. Some further work on the viscosity 
of melts is reported by Sisido (143) and Stromberg (149). 
Bloom and Heymann demonstrated the existence of compounds 
in fused melts by showing that a minimum plot of conductivity 
against mol fraction occurred at the same mol fraction as that 
for compound formation in the phase diagram,(21). For example, 
the addition of KC1 to CdCls causes the conductivity to decrease. 
The negative deviation of the conductivity from additlvlty 
reaches a maximum at N™,, equal to 0.3, probably due to the for-
mation of a CdCl6'"* ion. As the temperature is raised, the 
minimum in the conductivity-mol fraotlon plot tends to disappear. 
This is interpreted as being due to the dissociation of the 
4. 
complex at higher temperatures. Values for the activation 
energy found just above the melting point were not frr below 
those found for ionic migration in the solid. Bergman (14,15) 
and Dergunov (54,55) have also demonstrated the existence of 
complex ions in fused melts. 
Work on the AgCl-AgNOa system showed an activation energy 
curve falling off with Increasing temperature. If the silver 
ion carried the major portion of the current, it is stated 
that the decrease of activation energy with temperature would 
be a straight line (147). 
I-iantzell pointed out that conductivity data among the var-
ious investigators lacked precision (116). Using NaCl, KC1, 
and CdCl2, he found that the conductivity of their mixtures 
was additive. Mulcahy and Heymann attempted to tie some of the 
facts tog-ether (118). Activity data showed KaCl-IICl to be 
'ideal', in that their activities were additive. The equiva-
lent conductance, y\. , however, was not. They pointed out that 
deviations from auditivity of J\. could be explained if viscosi-
ty data showed a deviation from add it Ivity in the opposite di-
rection. However, KN03-NaN03 and KG1-L1C1 were found to have 
a negative deviation for both conductivity and viscosity. 
Much more conductivity work has been done; for example, on 
such systems as AgN03-AgI (23); iron oxides and silicates (142); 
ICl (63); KCl-MgCls (93); and many others (7,12,13,16,17,18,19, 
24,25,30,70,82,37,103,117,137). 
Attempts have been made to measure t ransference numbers In 
fused s a l t s . In one such measurement the c e l l 8n/SnCl a-SnIs/Sn 
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was used at 250°C. (l4l). The experiment was not successful, 
probably because of convection in the melt. Use of radioactive 
tracers has led to values of 0.1 - 0.2 for the transference 
number of lead ion and 0.8 - 0.9 for that of the chloride ion 
In molten lead chloride (96). Work on the AgN03-NaN0a system 
showed that the contribution of the nitrate ion to the conduc-
tivity was very small and that the silver Ion conducts more 
than the sodium ion in proportion to their relative concentra-
tions (10). 
In conjunction with species of ions in the melt, the prob-
lem of metal solubility may be mentioned. Faraday's law does 
not always hold for electrolysis of fused melts, probably be-
cause of the solubilities of metals in their own salts (102,6). 
Certain properties concerning metal solubilities are observed: 
Cd in CdCls lowers the melting point; addition of other salts 
decreases solubility of the metals; these and other experiments 
have tended to show a true solution and not a colloid (9,38,39, 
40,41,42,76,77,78,118). Cubicclotti attempts to explain the 
solubility on the basis of anion to cation size ratio and the 
decrease in solubility when salts are added is said to be due to 
an increase in energy levels, making acceptance of an electron 
from the metal more difficult.(38,39,40,41,42). Chilled solu-
tions of metals in their salts are dark, good reducing agent3, 
(about the order of the pure metal), and may have globules of 
pure metal dispersed throughout the solid. Abramov has measured 
the effect of current density on the electrolysis of molten 
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PbCl2 and ZnClg, using a commutator arrangement (1,2,3,4,5). 
He found that during the electrolysis the anode potential for 
PbCls decreased with increasing current density while the effect 
for ZnCl2 was in the opposite direction. He attributed these 
effects to formation of a subhalide. Karpachev has shown that 
Cd, Li and Pb dissolve in their chlorides as either a true ablu-
tion or as subhalides, as evidenced by the fact that the Nernst 
equation is obeyed at an electrode whose potential Is determined 
by the M(solut1on)-M+(solution) system (92,95,99). It han also 
been stated that some of the decrease in current efficiency 
during electrolysis is due to the existence of nixed ionic-elec-
tronic conductance. Mixtures of FeO-FeS appear to show such a 
mixed conductivity.(120) 
In regard to potential measurements in fused salts, it may 
be mentioned that Drossbach has measured the polarization poten-
tial, defined as P = U - IR, where U is the applied potential 
(56). His method involves Impressing an alternating potential 
on top of the direct electrolysis voltage and measuring the 
alternating current and resistance. Much of this work has been 
directed at determining optimum conditions for electrolytic 
preparation of metals from fused salts. While commercial elec-
trolytic preparations are not included in this discussion, it 
is of interest to note that recent work has been reported on 
the preparation of compounds of vanadium, tungsten, niobium 
and tantalum from molten salt baths and on the preparation of 
pure titanium and molybdenum (26,27,28,29,36,75). 
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Yntema has measured deposition potentials of metals in a 
bath of A1018, NaOl and KC1 (155,156,157,158,159). He has used 
carbon anodes and dither aluminum or platinum reference elec-
trodes to determine an electromotive series in this melt. De-
composition potentials and electromotive series investigations 
have been made in many different melts. Decomposition potential 
measurements have been made In CdCla, CdBrs and A1C13 (45,73,86, 
144); AlBr3 (68,69); A1I3 (48,49,50); NaOII (16l); AlCl3-NaCl 
(44). Delimarskii has obtained values for an electromotive 
series in various fused melts and has found it is a periodic 
function of the atomic numer (47,43). Measurements hove also 
been made on heavy metals and their sulfides in alkali halides 
(62,127), It seems probable that differences in decomposition 
potentials obtained by different investigators are due to the 
neglect of such factors as water in the melts, solubilities of 
the metal and failure to realize that a second electrode process 
may be involved. For example, a series of potential measurements 
on SnCl8 were found to be low, probcbly due to the reaction 
SnCls + Clc > SnCl*. (34,85) 
The use of a glass diaphragm in measuring decomposition 
potentials of PbCl2-NaCl resulted in values higher than normally 
found (32,34). The application of glass membranes has been made 
to cells of the type Al/AlCl8-NaCl/glass/A1013-NaCl-MCl /M, 
where M was Cu, Fe, Zn and Mn (122). A lengthy series of papers 
by Hildebrand (79) and Salstrom (136) reports on measurements 
of potential on cells of the type "M/lEi-EX/Y^, where X Is a hal-
ide, R an alkali metal and M the metal being Investigated. They 
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calculated activities and thermodynamic data for the alkali 
halide systems, making use of the Duhem equation. Similar 
types of calculations have recently appeared (100, 135,150). 
Potential measurements have also served to calculate activities 
of metals in alloys in contact with molten salts (57,80,138, 
139,140,152). Skobets has used sodium and sodium amalgam 
sealed in a glass tube as a reference electrode in a cell of 
the type NaHg/glass/AiBr3-NaBr-10^MBr/M, where M was Zn, Cd, 
Pb, Sn, Ag, Bi, Cu and Hg (146). Delimarskii has also used 
sodium and sodlum-tln alloys in glass as reference electrodes 
to measure decomposition potentials in molten halides (46,52). 
The glass in these electrodes behaves as a membrane permeable 
to sodium Ions. The potential behavior of glass towards sodium 
and potassium Ions has been investigated (104). Use has been 
made of this property of glass to develop a sodium coulometer 
(148). 
A cell to measure the concentration of oxide ion in a 
fused system has been the subject of detailed experimentation. 
Lux established a cell of the type 
• NasS0j e u t G o t i Q / NaeS04 
Pt(Oe), KaS0« J"
 e u t e c t i c / KsS0<, (02)Pt 
Nae0 // Na3P0<.-NaP03 
buffer 
at 950°C. Due to rapid volatilization of the Nas0, he found 
it necessary to extrapolate to zero time to obtain sensible 
results (106,107,108,109,110,111,112). By measuring the poten-
tial difference between a gold and rhodium electrode, he was 
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able to determine oxide concentration in a similar melt. Flood 
has used a cell of the type 
Pt(0g),Na3S04-Na3C03(C02)//Na2S04-Na2C0a(C0S),02)Pt 
He found that the potential varied linearly with the logarithm 
of the concentration of Na2C03; thus he established the reversi-
bility of the oxygen-oxide ion oouple (64,65). Other potential 
measurements in molten slags have made use of the oxygen elec-
trodes (31,6l,12Q). 
The cell Mg/NaOH/MnOs«G was shown to be capable of use as 
a battery at 325°C. (74). Some work on Daniell type cells is 
reported.(145,151,160). Pletenev has measured the potentials 
of concentration cells of alkali and alkaline earth halidea con-
taining as potential determining .apscles the ions of silver, lead, 
cadmium and zinc (121). He found the potentials to be linear 
functions of the logarithm of the mol fraction of the particu-
lar ion In the melt. 
Polarographlc procedures have also been applied in fused 
salt media. Nachtrieb found that the Ilkovio equation was 
applicable to nickel ion reduction in a fused mixture of NH4N08, 
LiN03 and NH4C1. Due to the low melting point, (86.2°C,), he 
was able to use a dropping mercury electrode. Nachtrieb and 
Steinberg did more work in a fusion of 30 mol per cent LlNOa, 
17 mol per cent NaNOa and 53 niol per cent ICN03, which melted 
at 145°C. (119). By adding 0.5 mole per cent KOI, they were 
able to establish a calomel reference electrode. Polarographlc 
waves were obtained for the nitrates of lead, nickel, cadmium 




a i = § = constant 
C o m M (dHg)S 
was found to hold for the ions of lead, nickel, cadmium and zinc. 
However, for batches of melt prepared at different times, varia-
tions were found for diffusion coefficients calculated by use 
of this equation. Plots of E vs. log l/(i^ - i) gave slopes 
within 4°o of theoretical for the Ions of lead, cadmium and nickel, 
The slope for zinc ion showed a larger deviation. DeVries and 
Black made use of a rotrting Platinum electrode in L1C1-KC1 
eutectlc (20). They showed that the deposition of nickel and 
cobalt seemed reversible and that wave height was proportional 
to concentration. Rempel, in fused carnelite at 735°C, using a 
molybdenum cathode and a carbon anode, with a magnesium-lead 
alloy as a reference electrode, found the diffusion current pro-
portional to the water content of the melt, and that the dis-
charge of hydrogen ion obeyed the relation, E = constant -
RT 
•p— In 1/(1(1 - i), if E was corrected for the overvoltage of 
hydrogen on molybdenum (97,125). Polarographlc microelectrode 
techniques have been used to determine decomposition potentials 
in molten AlCla-NaCl, (51,53), and for various anions in KCl-NaCl 
(126). A dipping solid electrode, that is, a Platinum needle 
with gas bubbling about It, was used to obtain reduction waves 
for the ions of co-ooer and nickel in KN03 (113,114,115). Lin-
earity between concentration and wave height held only at less 
than 10" ̂ moIs of reducible ion per mol of KN0a . An anodic wave 
due to the oxidation of SnCl2 is also reported (33). 
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Karpaohev and Stromberg have made measurements of electro-
capillary curves |h fused salts (98). 
One unexpected type of measurement in fused salts may be 
noted. Jander has carried out potentiometric and conductimdtric 
titrations in molten HgBr3 (88,89,90,91). The specific conduc-
tivity of HgBr2 is 1.45 x 10"* ohm"
1 at 243°C. Titrations of 
HgS04 (acid) with KBr (base) have been followed conduotiraetrlcally 
and titration of the strong acid HgBrC104 with AgBr and TIBr 
could be followed potentiometrically using a gold electrode. 
There lias been one recent addition in the fused salt field 
which should be very useful. Conway has compl3fid tables of data 
on melts in a section of a book, 'Electrochemical Data* (35). 
Conductance, activity coefficients, activation .energies of ionic 
migration, density, and much other useful Information may be 
found in this book. 
12. 
III. EXPERIMENTAL 
&* Equipment and Reagents 
All chemicals used tJere commercially obtained reagent grade, 
except for Kl2PtCl4 which was prepared in the laboratory. Two 
types of furnaces were used. The first of these was a Cenco-
Cooley Eleotric Crucible furnace with an opening 4 inches deep 
and 3 Inches on each side. The second furnace was a Hoskins 
type crucible furnace with a circular opening 5 inches deep and 
approximately 4 inc'.es in diameter. Both were connected to 
7-1/2 ampere, 1 kilowatt, 110 volt operated Variac transformers. 
Pure platinum wire and foil were obtained from the American 
Platinum V/orks. Oxygen and nitrogen were supplied by Linde Air 
Products Company. Spectroscopic graphite electrodes were used 
as electrodes in the fused melt. The Sargent Model XXI record-
ing polarograph, the Leeds and Northrup Electrochemograph Type 
E and the Sargent Model III manual polarograph were all used to 
obtain current-voltage curves. The cells which contained the 
fused melts were constructed from Pyrex glass or else Pyrex 
beakers were used. A detailed description of the impedance bridge 
will be given in another section. 
The microelectrodes used were from 1 to 5 nun in exposed 
Icngth-^md were constructed from B. and S. gauge 24 or 26 plati-
num wire sealed into 6 or 8 mm D. Pyrex tubing. The total 
length of the electrode was dependent on the cell used. The 
platinum foil anode was fabricated by hammer-welding platinum 
wire to the nlatlnum foil. 
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The eutectlc mixture was prepared by mixing weighed amounts 
of lithium chloride and potassium chloride and shaking in a 
large Jar. When certain batches of salt were fused under vacuum, 
black particles would be found floating in the melt. Passage 
of oxygen through the nelt was found to yield a clear, colorless 
melt. 
B* Ciiolo6 of a Solvent System 
There were several Important considerations relating to the 
choice of a solvent system. The salt, or mixture of salts, 
chosen was to hove a low melting point; the component ions were 
not to be easily oxidized or reduced at an electrode; it was to 
be thermally stable; it was also desirable to have the salt sys-
tem essentially neutral so that Lev/is acids and bases could be 
dissolved to make acidic and alkaline molts. A melt of alkali 
halides was thought most nearly to satisfy these conditions. 
A eutectlc mixture of lithium and potassium chloride was chosen. 
The composition of this eutectic w-s 59 mol per cent lithium 
chloride and 41 mol per cent potassium chloride, which melted at 
352°C. (83,129,153). 
C. Establishment of a Reference Electrode 
1. Silver-Silver Chloride 
The initial work in pursuit of a stable reference 
electrode was done on the system silver-silver chloride. Two 
pyrex beakers were placed in the furnace and were connected by 
a rwickf of glass cloth inserted in a U-shaped pyrex tube. 
Enough molten salt would wet the wick to provide excellent con-
14. 
ductivity with a minimum of notorial transfer". One to two per* 
cent by weight of silver chloride was Mixed with the eutectlc 
and placed in one of the beakers. The second boa"'or contained 
a sma.ll amount of cadmium chloride in the entoctic. A silver 
wire was inserted into the first beaker and a platinum micro-
electrode into the second. If the silver-silver ion system were 
reversible, then the passage of the snail amount of current 
necessary to run a pol'rogran would not effect Lhe potential 
established by the silver-silver ion couple i.nC a. reduction wave 
for the cadmium ion could 'nave been found. However, it was ob-
served that a silver matte formed at the bottom of the silver 
wire, the amount of silver so deposited being far in excess of 
that due to any pol'rographic current, further, the •nol' rographic 
curves obtained were very erratic and co--'Lcl not be nado to yield 
the same curve shape twice In succession. To determine If Im-
purities in the silver wire wore responsible for this behavior, 
t. platinum foil was elated wit'a. silver in aqueous solution and 
nlaced in the silver chLoridc containing bea'-cr in the fused 
nelt. Again a matto formation v:ac found. In view of these 
resulta, another system was investigated. 
The cause of the -\atte formation is not known, although 
one possibility involves a corrosive attack by oxygen to form 
silver* oxide, which then decomposes. 
Recent work at the National Bureau or 5ta.nda.rdc has re-
sulted in a potentiometric reference electrode of silver in pure, 
molten silver chloride, ra.thcr than silver chloride diluted in 
a melt (20,29). 
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2. Lithium-lithium glass 
As previously stated, work lias been done on a reference 
electrode using sodium in glass, the glass acting as a membrane 
permeable to sodium ion. An attempt was made to establish a 
similar type of reference electrode, using lithium metal in a 
lithium glass bulb in contact with the L1C1-KC1 eutectlc. A 
special lithium glass, containing 74.5 mol per cent Si02, 0.5 
mol per cent Ala0a, 7 mol per cent CaO, 9 mol' per oent Ka0 and 
9 mol per cent L120, was made into ^mall glass tubes. Small 
pieces of lithium metal were placed in the tubes and then placed 
in the melt. Very shortly thereafter, sparks were visible at 
the top of the tubes and it was observed that the tube3 had 
shattered. Examination showed that there had been extensive 
corrosive attack on the glass by the lithium. Because of the 
extreme nature of the attack, this attempt to use metallic lithium 
In contact with glass was abandoned. 
It was thought that some of the corrosive action of the 
lithium could be lessened by alloying. A Pb-Li alloy was pre-
pared by electrolysis of the KC1-L1C1 eutectlc, using a molten 
lead cathode. During the course of the electrolysis extensive 
gassing occurred at the cathode, but up to 8 mol per cent lithium 
was found ,in the lead. Polarograms were run "using the alloy as 
a reference electrode. The alloy was placed in a J shaped 
pyrex tube, so that one end was In contaot with the melt, the 
other end of the tube extended out of the melt and a piece of 
tungsten wire in this arm served as the electrical lead. The 
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beaker of melt containing the J shaped tube was 'wicked' to a 
second beaker containing a small amount of cadmium chloride. 
A microelectrode was placed in the cadmium containing beaker, 
and a pol-- rographic curve was run. No reduction wave was found 
for cadmium, but a flat plateau at essentially zero current ex-
tended from 1.3 to 2.4 volte positive with respect-to the Fb-Li 
alloy. The curve broke sharply upward in the cathodic current 
region at 1.3 volts and broke in the anodic current direction 
at 2.4 volts. It was also observed that gas bubbles appeared 
at the surface of the alloy In contact with the molt. 
Although the behavior of the system could not be explained 
at the time these experiments were performed, it is now possible 
to explain the behavior. The cathodic break was due to the re-
duction of hydrogen ions, while the anodic break was probably -
due to the dissolution of the platinum microelectrode. No wave 
for oadmium ion reduction was found because the hydrogen ion 
reduction completely masked any cadmium wave. 
In light of this Interpretation, it wo-'Id probably be of 
some interest to use a Pb-Li alloy in contact with a lithium 
glass to asoertaln whether or not the system would serve as a 
useful reference electrode in a more nearly anhydrous melt. 
3. Platlnum-Tetrachloroplatlnate(II) 
It was found that a polarographlc reduction wave for 
nickel Ion could be obtained using a platinum microelectrode 
as a cathode and a piece of platinum foil as anode. Since 
reproducible waves were obtainable, it seemed desirable to in-
vestigate the anodic reaction. An earlier experiment in which 
two platinum electrodes were placed In the same beaker and hao. 
current passed between them, resulted in a black fog streaming 
from the cathode. Inspection of the electrodes showed that the 
anode had been eaten away and that the cathode reaction appar-
ently involved reduction of a species of platinum ion which had 
gone into solution at the anode. To Investigate this phenomena, 
a platinum foil was weighed and placed in a tube filled with 
eutectlc melt, which, by means of a spun glass wick, was con-
nected to a large beaker full of melt. A graphite rod was 
placed in the beaker. These electrodes, the platinum as anode, 
were connected to a constant current source and in series with 
a gas (0a-H2) coulometer. 
An electrolysis was run, after which the platinum foil was 
weighed and the amount of gas generated in the coulometer was 
measured. The results are given in Table 1. 
Table 1 R u n A R u n B 
Pt f o i l anode, weight l o s s in grams 0.1492 0.1091 
Current, mllliamps 20 20 
Time, seconds 7450 5400 
Faradays, ca lcu la ted from gas coulometer . . . 1.50x10"* 1.08x10" 
Faradays, ca lcu la ted from current x t i m e . . . 1.54x10"* 1.12x10" 
Average number of Faradays 1.52xl0~* 1.10x10" 
Calculated weight l o s s , grams, based on 
two e l ec t rons per platinum atom 0.148 0,107 
The cooled, s o l i d i f i e d res idue was l i g h t pink in co lo r . 
From the above d a t a , i t would seem t h a t the anode reac t ion i s 
Pt >P t ( l l ) + 2e 
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The platinum Ion in the melt probably exists as a chloro-complex, 
such as (PtCl4)~
a, The addition of potassium tetrachloroplatl-
nate(ll) to the melt resulted in a pink solution and was also 
pink when solidified. 
A second experimental setup similar to the one described 
above was used, the main difference being that the electrolysis 
current was only 500 microamperes. Table 2 presents the results. 
Table 2 
A B C 
Total platinum weight l o s s a t 3 
successive per iods during the 2.6xl0~ 5 5 .7xl0" 5 1.2x10"* 
e l e c t r o l y s i s In moles 
Total platinum weight l o s s c a l -
culated from current x t ime, In 
moles 
5x l0" s H . l x l O " 5 2.1x10"* 
n n n 
Total platinum weight l o s s c a l - 2 , , n - B c / . V 1 0 - B q CVIQ-B 
culated from gas coulometer in ^ , l A l u — 2_im^kV— ^O^xu __ 
moles n n n 
In Table 2, n is the number of electrons Involved in the electrode 
reaction. It is seen that weight loss calculated from the cur-
rent x time data is in fair agreement with the measured weight 
los3, assuming n equal to two. The data for the gas coulometer 
Is not in agreement, being considerably less than the observed 
weight loss. The error is probably due to a current efficien6y 
of less than 100^ for the gas coulometer. Very small gas bubbles 
form at the low current density used, and the likelihood of 
oxygen diffusing to the cathode and being reduced, or hydrogen 
diffusing to the anode, is high. At higher current densities, 
larger bubbles form which are less soluble in the sodium sulfate 
solution used in the coulometer. An effort was made to measure 
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potentials using tubes containing different small amounts of 
potassium tetrachloroplatlnate(Il) in the eutectlc. The tubes, 
containing 5 to 10 milligrams of potassium tetrachloroplatlnate(LT) 
in 10 grams of eutectic, were 'wicked' Into a central beaker, 
and potential measurements made between two tubes having differ-
ent concentrations of platinum ion. The ootentials so obtained 
were very erratic and changed markedly with time. Because of 
the small coneentratIons involved, any oorrosive attack on the 
platinum foil electrodes in these melts would result in marked 
concentration changes which v/ould affect the potentials. 
To Investigate if corrosion occurred, an experiment was run 
using different platinum foils Immersed in the eutectic under 
the following conditions. 
, 1. Foil immersed in melt open to atmosphere; foil had 
previously served as experimental anode. 
2. Same as 1, except used bright, new foil. 
3. Foil immersed after melt had been maintained for 25 
hours prior to foil immersions 
4. Foil placed in empty tube. 
5. Foil immersed in melt which was maintained under vacuum. 
The results are presented in Table 3. 
Table 3 
Tota l e l a p s e d t ime Accumulated weight l o s s i n m i l l i g r a m s 
hours 1 2 3 4 5 
0 
2 -1 /2 
4 
6 -1 /2 
10 
21 10 .0 5 .4 . 1 .8 
25 
2Q-1/2 — — 4 . 1 — .4 
3 2 - 1 / 2 . _ 
46-1 /2 — .8 



































It is seen that there is an attack on the platinum in the open 
melts, probably due to oxygen dissolved in the melt. The marked 
lessening of the attack under vacuum is probably due to the re-
moval of oxygen from the vacuum system. 
To determine If the platinum foil acted as a depolarized 
anode, two tubes, (A and C), containing 50 milligrams of K2PtCl4 
In 10 grams of KC1-LIC1 were 'wicked' into a central beaker. 
A similar tube, (B), containing a small amount of NIC1S In the 
eutectlc was also 'wicked' into the central beaker and a polaro-
gram was run In turn between A or C, as anodes, and B as cathode. 
At the same time, the potential betv/een A and C was measured as 
a function of the current passing. The data is given in Tables 
4 &nd 5. 
It appears that the potential of the Pt/Pt(ll) couple, 
which controls the anode potential, remains fairly steady as 
current is passed. Although a change of 2 to 3 millivolts Is 
experienced as the current goes from 0 to 20 microamperes, the 
change is in the direction expected. In Table 4, since C is 
positive with respect to A, and is the current-passing anode 
for a process"resulting in an increase of platinum ions near 
the electrode surface, it would be expected that the potential 
between C and A would increase as the current, hence the surface 
concentration of platinum ion, increased. 
Similarly, when A is the current passing anode, the local 
excess of platinum ions near the electrode surface will result 
in a decrease in potential between A and C. The potentials In-
dicated for 0 volts were taken Immediately after each polarlza-
Po la rog raph lc E a p . o l l e d 
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Table 4 
P o t e n t i a l measured 
Current betv/een A and C,-C 
microamperes i s p o s i t i v e (millivolts) 
3 .3 
4 . 1 
9 .1 
18.2 

























_ _ ~ Potential measured be-
Polarographic E a p p l i e d Current tween A and C, C is 
between C and B (volts) microamperes positive (millivolts) 
.1 -2.3 16.4 
.2 +0.6 16.5 
.4 1.0 16.6 
.6 1.9 16.4 
.7 2.7 16.2 
.8 3.5 16.1 
.82 ' 4.3 16.0 
.83 8.7 15.7 
.84 13.1 15.4 
.85 16.6 15.1 
.86 19.5 14.9 
.87 22.0 14.7 
.88 23.0 14.6 
.89 24.7 14.4 
.90 25.0 14.4 
.92 26 14.4 
.93 26 14.3 
.95 24.5 14.6 
1.0 23 14.8 
1.01 23 ' 14.8 
0 0 16.3 
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tlon curve, and were steady in the fev; seconds required to balance 
the potentiometer. 
4. Discussion 
The results of the experiments performed indicated that 
platinum would serve as a reference electrode. Further evidence 
for the reversibility of the platinum couple will be presented 
in another section. While It would have been desirable to employ 
the platinum foil In contact xvith potassium tetrachloroplati-
nate(ll) to establish'the potential, the necessity of then keep-
ing the electrodes physically separate presented some difficulty. 
For this reason, when used as a polarographlc anode, no potassium 
tetrachloroplatlnate(ll) was used to stabilize the potential; 
the platinum foil was simply placed In the same compartment as 
the microcathode and the reducible species. In practice, this 
proved satisfactory, although occasionally a polarographlc wave 
which normally appeared at -.7 with respect to the platinum foil 
would appear at a potential .3 to .4 of a volt more positive. 
When this occurred, shorting the electrodes together for a few 
hours was sufficient to re-establish the wave in its normal 
position. 
D. Drying Procedures and. Polarography 
1. Introduction 
Although it was thought water in the melt might be a 
problem, the degree to which It would Interfere was not immedi-
ately realized. The available literature did not indicate the 
seriousness of the problem. 
It was discovered that the inability to obtain a satisfac-
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tory reduction wave for cadmium ion in the fused eutectlc v/as 
due to the fact that' there v/as a reduction process which occurred 
before cadmium Ion reduction. When running the polarographlc 
curve using a platinum microelectrode and platinum foil anode, 
application of voltage resulted in the passage of a large current 
which started at an apmlied e.m.f. in the vicinity of one volt. 
It v/as further observed that gas bubbles formed at the micro-
electrode when this break in the current voltage curve occurred. 
Since the process occurring at the electrode had to be reduction, 
it v/as concluded that the electrode process v/as 
2H30 + 2e > H2 + 2OH" or 20H~ + 2e > H0 + 0
= 
the hydrogen coming either from water or hydroxy1 ions present 
in the melt. Thus, unless the concentration of water or hydroxyl 
could be reduced, only polarographlc waves of substances reduc-
ing before hydrogen would be found. The criterion for determining 
whether or not a melt was 'wet' was based on the supposition 
that the region of low polarographlc residual current should 
exceed by a considerable amount the one volt flat span realized 
in an untreated Vv/et'melt, Experiments involving electrolysis 
and measurement of the back potential with platinum cathodes 
and platinum or graphite anodes resulted in back potential va-lues 
of 2.3 and 2.7 volts respectively at 500°C. Thl3 was taken as 
evidence for the potentials involved in the following reactions. 
Ll+ + e" ^ = 5 Li(Pt) Platinum cathode 
Pt ̂ = £ Pt(Il) + 2e Platinum anode 
01" i V-gCl2 + e Graphite anode 
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Thus, if a region of low residual current less than 2 volts 
measured against- a platinum a,node were obtained, It co'ild be 
concluded that a reduction process other than one involving 
lithium ion was occurring. 
2. Procedures 
Efforts were made to remove v/ater electrolytically, 
using graphite electrodes. Electrolysis v/as conducted for 
varying periods of time, in one instance for as long as 3 days 
at 30 milllamperes, but the electrodes gassed as vigorously at 
the end of the 3 days as they had at the beginning. It is 
possible that since the system was exposed to the atmosphere, 
moisture v/as being picked up from the air. Some work done with 
graphite electrodes under vacuum has Indicated that v/ater is re-
moved, but owing to the presence of iron as an impurity in the 
graphite, no conclusive results have been obtained. 
The use of chemical methods to remove water v/as considered. 
Titanium tetrachloride v/as bubbled into the melt by passing dry 
nitrogen over the titanium tetrachloride and then passing the 
nitrogen stream Into the molten salts. A cream colored pre-
cipitate, presumably titanium dioxide, was formed. At the time, 
no polarographlc evidence v/as found to indicate that a dry melt 
had been achieved. However, any reaction of titanium tetra-
chloride with the v/ater would result in hydrogen chloride being 
formed and as hydrogen chloride v/as later found to be soluble 
in the melt, it is entirely possible that the failure to obtain 
an Increased flat span v/as due to reduction of hydrogen from 
the hydrogen chloride. The use of other chemical agents, such 
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as silicon tetrachloride or aluminum chloride, which would form 
Insoluble oxides and hydrogen chloride would seem to warrant 
further investigation. 
An attempt to use metallic lithium as a drying agent failed 
because the lithium, reacting on the surface of the melt with 
great vigor, came in contact with, and corrosively attacked, the 
pyrex container. Moreover, if lithliyn metal displaced hydrogen 
from v/ater or hydroxyl ion, the resulting oxide ion v/ould attack 
glass. 
Magnesium also reacts with the melt; bubbles form on the 
surface of the metal and a greyish deposit soon covers the sur-̂  
face, and the initially vigorous reaction soon ceases. 
Most of the work in attempting to dry these melts v/as done 
in a system which could be placed under vacuum. Figure 1 Is 
a diagram of the apparatus used. With this apparatus the salts 
could be fused under vacuum and polarograms could also be run 
under vacuum. Dry nitrogen could be admitted through the con-
striction and bubbled through the melt v/lthout stopping the pump. 
The most satisfactory procedure Involved keeping the salt mix-
ture at about 300-325°C. under vacuum overnight, then raising 
the temperature above the melting point while permitting nltro-
gen to slowly bleed into the system and bubble through the melt. 
Figure 2 Illustrates the differences in behavior noted on 
the polarographic curves. It will be seen from curVe A for an 
untreated melt that a sharp break occurs at about one volt. 
The sharp peaks In curve B are probably due to gas bubbles 
To vacuum pump 
and cold trap 
F furnace 
Con constriction 
C clamp on rubber hose 
M manometer 
El microelectrode 
E 2 anode 
Figure 1 
Cell for vacuum drying 
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breaking from the microelectrode surface. This curve v/as run 
under vacuum. Note that though there is a great improvement 
in the curve, there still exists a considerable residual current, 
perhaps Indicating that all the moisture was not removed. This 
might be the case if hydroxyl ions formed as a result of hydro-
lytic decomposition. Curve E makes use of a graphite anode, 
the Increased span apparently being due to the shift of anode 
potential as the reaction changes from platinum dissolution to 
chlorine evolution. 
During the course of this work, it v/as found that if the 
pola,rograph v/as run until lithium deposited on the platinum 
microelectrode, the electrode behavior thereafter v/as erratic. 
Examination of the electrode shov/ed that a platinum-lithium alloy 
must form, as evidenced by the fact that it was impossible to 
remove the persistent red color which resulted v/hen the elec-
trode v/as placed In a bunsen flame * Further evidence for oom-
pound formation Is given as a result of X-Ray diffraction studies, 
which Indicate a shift in the d-spacings of a platinum electrode 
on which lithium v/as deposited (11),^ 
Figures 3, 4, and 5 are polarograms run on different batches 
of melt, containing the ions Indicated, In all cases, better 
v/ave shapes were obtained at slov/er polarization rates. This 
observation is in accord with that of Rogers (133). 
Figure 6 shows the cell used to obtain the polarogram shown 
in Figure 7. This polarogram v/as run at 450°C, at which temp-
erature the resistance through the glass v/as in the vicinity of 
2000 ohms. The cell wa3 difficult to use because the ground 
Figure 3 
Ciirrent Polarographlc Wave 
aicro- CdCla and NiCl3 in KCl-LiCl 
anjperes Leeds and Northrup Electrochemograph 
h 12 Ni(II) wave -.65 to -.75 volts 
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glass Joints warped and a good vacuum v/as difficult to maintain. 
The cell also proved to be quite fragile. 
Theoretically, for the reversible deposition of a metal on 
a solid electrode, at a fixed concentration of reducible species 
In solution, the following equation should be valid (101) 
E = constant + 2.3 §jt log (id-i) Eq. 1 
-where E is the potential at the microelectrode, R, T, n and F 
have their usual significance, 1, is the diffusion limited cur-
rent and 1 the current measured at any E. Therefore, If E Is 
PT plotted against log(1^-1), a slope of 2.3-jp will result if the 
equation holds. • 
•Figures 8 and 9 are plots of logd^-i) against E for the 
reduction of nickel and tetrachloroplatinate(ll). The data for 
the nickel ion reduction v/as obtained from a polarogram run In 
the cell in Figure 6, and was corrected for IR drop. In this 
example, the slope does agree with that theoretically predicted. 
Ilov/ever, other curves run in the same cell, or In the cell shov/n 
In Figure 1, result in log plots v/hose slopes vary considerably, 
up to +20 millivolts from the theoretical vlue of .073 at 450°C. 
for n=2. 
The data for the reduction of KsPtCl* reduction as presented 
in Figure 9 are more reproducible. Three different curves yielded 
slopes v/ithln 5 millivolts of that predicted for a 2-electron 
reduction. 
According to Equation 1 above, the current-voltage curve 
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start with maximum slope from the current axis. The nickel re-
duction curves show a slight S shape, rather than starting as 
predicted. This is manifested in Figure 8 as a curved portion 
on the log plot, corresponding to the initial S shape of the 
polarographlc wave. A reason for this behavior may involve the 
state in which the freshly deposited metal finds itself. The 
equation assumes that the metal is Instantly at unit activity; 
this may not be the case. 
When polarograms for nickel, cobalt or cadmium were run in 
the reverse direction, that is, starting with a deposit of metal 
on the microelectrode and running in a positive direction, the 
curvesvall crossed the zero current axis at about the same poten-
tial as that at which the deposition wave appeared. Since the 
electrode reaction under such circumstances involved the oxida-
tion of the deposited metal, this behavior was taken as a further 
indication of the reversibility of the reactions. 
3. Discussion 
Although the vacuum procedure appeared to be effective 
In removing water from the melts, a better method v/ould be wel-
comed. The vacuum techniojjie did not alv/ays work; certain batches 
of melt subjected to these drying procedures failed to yield a 
low residual current region. One reason for this could' be the 
formation of hydroxyl Ions due to hydrolytlc decomposition. 
Once formed, vacuum would not remove them. There is also the 
possibility that bubbling nitrogen through the melt results In 
a buildup of Impurities, such as oxygen. 
The polarography is subject to the usual difficulties in- ' 
volved in the use of stationary mlcroelectrodes. They are 
39. 
sensitive to vibration, and thermal gradients in the melt some-
times cause erratic fluctuations.' As mentioned, the curve shape 
depends to some extent on the rate of polarization; the slower 
the rate, the better the curve. 
The glass-platinum seal occasionally cracked with a conse-
quent increase in the electrode area and resulted in a corre-
sponding passage of large, erratic currents. The use of soft 
glass has proved unsatisfactory; it rapidly became extremely 
brittle and cracked very easily after being exposed to the molten 
salt mixture. Lead glass has been reported as being satisfactory 
for making glass-platinum seals and has withstood the corrosive 
attack of tho fused melt (20). 
£" Impedance Measurements at Solid Electrodes In Fused Salts 
1. Introduction 
Impedance measurements at microelectrodes have been 
used to gbtaln information concerning the kinetics of electrode 
reactions occurring at the microelectrode surface. Theoretical 
and experimental details have been given by several authors, 
especially Randies (123,124), Grahame (72), and Ershier (59,60). 
Generally, these techniques have been applied In aqueous solu-
tions, using dropping mercury electrodes. Ershler (59,60) and 
Hillson (81) have developed the theory for a solid electrode 
operated at Its null potential. Ershler has considered the 
deposition of copper ions at a copper electrode. 
Randies considers the reaction 
lp+ + ne » M(Hg) (1) 
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occurring at the electrode-solution interface of an aqueous 
y\ .A, 
solution containing the metal ion M at a concentration C and 
a solution of the metal, M, in mercury, also at concentration C. 
He then considers the effect of applying a small alternating 
voltage, v = V cosiot, which results In a current 
1 = 1 cos (to t + # ) . 
By solving Flck's dif fusion .laws and expressing the net current 
as the difference between the rates of the forward and reverse 
processes, he arrives at an expression for the impedance at the 
electrode interface due to the electrode reaction and expresses 
this impedance in terms of the electrical analogy, a resistive 
and capacitative component, C and R̂ ,, in serieB, v/here 
RT 1/2 1 
Rr = n J F AC N U3TD + k* 
(2) 
nsF3 AC ID 
°r = —RT! V 2oT (3) 
wheretu> = 27TF; n Is the number of electrons Involved in the 
electrode process; R,T and F have their usual significance; A 
is the electrode area in square centimeters; C is the concentra-
tion of the reducible species In solution; D represents the dif-
fusion coefficient of the Ion I»fn+ in solution, assuming that the 
diffusion coefficient of K in the mercury is about the same. 
The rate constant, k, defines the rates of the opposing reac-
tions at the equilibrium potential as kC moles per second per 
1 RT 
square centimeter of electrode surface. Thus, R =-*- - ^g&A'flk 
r 
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serves as a measure of the ra.te or of the exchange current, that 
Is, the current actually passing at equilibrium due to the dynam-
ic nature of the equilibrium. 
Ershler attacks the problem from a slightly different angle. 
He considers the deposition of a metal on a surface of the same 
metal, again at the equilibrium potential. He Initially con-
siders a very rapid equilibrium, that is, a very large value of 
k or a large exchange current. Thus, the impedance at the elec-
trode surface is expressed in terms of a resistive and a capaci-
tatlve component, R^ and CT̂ , the series combination of which 
represents the electrode impedance which is governed solely by 
the diffusion of the reducing species to the electrode. He then 
shows that if the equilibrium is 'slov/' , there arises another 
purely resistive component, dependent on the rato of the elec-
trode reaction. These components are expressed as follows: 
R̂  = ĵ rr £ Jztt (4) 
7T- _ n 2 F 2 / 2 D ~ , r * 
CR - " W C VuT ( 5 ) 
p _ RT 1 /£\ 
" r eac t i on ~ HP 17 K0' 
where i i s the exchange current a t equi l ibr ium. Since, a t 
equil ibrium, the exchange current lo equal to e i t h e r the forv/ard 
or the reverse c u r r e n t , 1 may be expressed in terms of the r a t e 
constant k, as 1 = C n F A k, and E r s h l e r ' s and Randies' equa-
t ions are seen t o be i d e n t i c a l . 
42. 
Hlllson, by an approach similar to Randies, finds for metal 
Ions in equilibrium with the solid metal electrode that 
R - 1 - £5 /|L (7) 
which, except for the /2~, is Identical with the results of 
Ershler. 
These three methods are all similar In that they all are 
essentially limited to null potential, or equilibrium, conditions. 
Grahame, on the other hand, considers the more general case 
of the variation of the resistive and capacitative component 
of the electrode reaction as the potential Is varied and, for 
a polarographlc reduction, the current reaches a diffusion limited 
value. He considers the reducing species diffusing to^the elec-
trode surface and the reduced form either diffusing into the 
meroury or diffusing back Into the bulk of the solution. He 
shows that for a 'rapid' electrode reaction, the total Impedance 
at the electrode interface is a minimum at the polarographlc half 
wave potential. Grahame considers the electrical analogy to con-
sist of a 'Warburg1 impedance, W, whose resistance and capaci-
tative reactance are equal and-vary inversely as the square root 
of frequency, plus a purely resistive component, ©, which is 
frequency Independent and depends on the rate of the reaction 
and the concentration of the reducing species. Grahame's 0, 
Randies' R^ -v^r- and Ershler's
 R
r e a c + 4 o n
 a r e all equivalent. 
r 
Figure 10, a,b,c, depicts the electrical circuit as seen by 
Randies, Ershler and Grahame. 
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Electrical Analogies for the Impedance at an Electrode 
Interface, as interpreted by Randies (a,a1), Ershler (b,b«) 
and Grahame (CjC1) 
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There also exists another capacity which must be considered, 
namely, that of the electrical double layer (71). This capacity, 
C,,, has been omitted from the above consideravtions. The double 
layer capacity represents the differential capacity of the elec-
trode-solution interface and is defined as C,, = |S, where E is 
the potential of the electrode surface and q Is the specific 
charge on the electrode surface in coulombs per unit area. The 
double layer capacity is considered in parallel to the components 
making up the reaction impedance. For smooth, homogeneous sur-
faces, such as mercury, under conditions that no electrode reac-
tion Is taking place, the double layer capacity is easily measured 
and subtracted from the measured quantities. One must also con-
sider an ohraic solution and electrode resistance which is in 
series v/lth the parallel combination of the double layer capacity 
and the reaction Impedance components. Figure 10, a',b',c', pre-
sent the complete network. 
The normal procedures Involved in obtaining the needed 
measurements are as follows. An A.C. bridge Is used to measure 
either a series or parallel resistance-capacitance combination. 
The solution resistance is measured before any reducible species 
are added, in the presence of the excess of supporting electro-
lyte which must be used. It may also be measured by shifting 
the potential of the microelectrode to a potential where no 
Faradalc process occurs. C,, may be measured as a function of 
potential In a solution of the supporting electrolyte. Measure-
ments of the net reslstlve-capacitative components are then made 
v/ith the reducible species present. For rate constant determina-
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tions this is done at the null potential, generally by having 
equal concentrations of the reduced and oxidized forms in solu-
tion, or, for metal deposition, using a mercury amalgam of the 
same concentration a3 the ion in solution. Yftiere a solid metal 
electrode is used, for example, the study of copper ion deposi-
tion on copper as clone by Hlllson, the use of a copper a,node and 
copper microelectrode places the system at its null potential. 
By means- of the formulas shov/n on Figure 11, the resistance and 
capacitance due to the electrode reaction may be evaluated once 
the solution resistance and the double layer capacity are known. 
As seen from Equation 2,a plot of R„ and ,-ri- against -==• 
r «o r fzj 
should result In two straight parallel lines;* the plot of the 
resistive component should lie above the capacitative reactance 
plot, which should pass through the origin. If k is too large, 
a very rapid reaction, the two lines will coincide; If too small, 
they will be too far apart, although what will actually occur 
will be that no measureable change in impedance will be found. 
• The more general technique of Grahame consists of applying 
a D.C. base potential, on which is imposed the small, (10 
millivolt), alternating potential. Thus a plot of 'pseudo-
capacity' against applied potential Is obtained. For a reversi-
ble reaction taking place at the dropping mercury electrode, 
Grahame ha3 shov/n that the pseudo-capacity passes through a 
maximum at the half wave potential. This is equivalent to saying 
the impedance at the electrode reaches a minimum at the half v/ave 
potential of the reversible polarographlc wave. As the rate of 
Lxp 
Rxe °xs „ 
°F» 
»*AA» I I 
lxerR8bln) 
—*+++*• • \AAA*/»/' 
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Figure 11 
Calculation of Rx and C r from a measured series 
or parallel resistance and oapacitance 
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the reaction decreases, that Is, as it bocomes leas reversible, 
the maximum in the pseudo-capacity becomes smaller until finally 
it disappears. 
2. Procedures and Results 
Figure 12 is a diagram of the A.C. bridge used in this 
work. The signal generator v/as a Heathkit Audio Generator, 
the output of which v/as fed into the bridge through the shielded 
a.udio transformer, T, -which v/as a 4:1 stepdown transformer. The 
output of the signal generator v/as set at 40 millivolts; this 
coupled to the bridge through the transformer meant a 10 milli-
volt applied alternating signal. R-, and R were Leeds and 
Northrun decade resistance boxes. C v/as a General Radio ore-
p 
clslon mica capacitor. The potentiometer was a Leeds and Morthrup 
student type. R^ v/as a 0-.5 Megohm wire wound resistor, which 
led to the positive lead of the Sargent 'Ampot'. The amplifier 
v/ao a Heathkit WA P-2 audio amplifier. The high voltage to the 
ajraplifler v/ao supplied by a Heathkit Variable Voltage Regulated 
Power Supply. The filament supply was a 6 volt lead storage 
battery. A 304H DuMont Cathode Ray Oscilloscope was used. 
The cell v/as a pyrex glass tube, 13 inches long, 40 mm. In 
diameter, with a side arm of 9 mm. tubing attached to a vacuum 
pump. The electrodes wore inserted into holes In a Ho. 9 rubber 
stopper. The microelectrode v/as made of B. and S. gauge No. 26 
platinum wire sealed Into 6 or G mm. pyrex tubing. The exposed 
length v/as approximately 1 mm. The two foil electrodes v/ere 
ha*mer-welded to platinum wire. They had a surface area greater 

















Heathkit Audio Generator 
Student type potentiometer 
E.H. Sargent and Co. 
0-11,110 ohm yarlable decade resistors 
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Some measurements were nade on aqueous solutions using a 
normal H-type polarographlc cell with a saturated calomel refer-
ence electrode instead of a platinum foil reference. 
The cell was filled with 100 to 120 grams of KCl-LiCl eutec-
tlc mixture and a solid rubber stopper v/as placed in the opening. 
The mixture was then fused under vacuum and allowed to remain 
under vacuum overnight. Air v/as then admitted, the solid stopper 
removed and the stopper v/ith the electrodes inserted. Small 
amounts of reducible material could be added by removing the 
electrodes and dropping the desired material down a large glass 
tube which served as a funnel. 
To determine if the bridge v/as operating properly a decade 
resistor o.nd capacitor were connected in series in place of the 
cell and measurements made at various frequencies. 
By means of the Ampot, a D.C. potential could be applied 
across the microelectrode, E, , and the working platinum foil, EU,. 
The potential at E. v/as measured with respect to the platinum 
foil E,, using the potentiometer. RQ r.erved to prevent short-
ing the A.C. signal. By having the balancing resistor, R. , and 
capacitor, C , in parallel, the impedaj-ice of the cell appeared 
as a resistance and capacitance in series. The impedance mea-
sured is that associated with the microelectrode, not with the 
large electrode, since any impedance due to the large electrode 
v/ould be in series v/ith that of the microelectrode and v/ould be 
much smaller than that of the microelectrode. With R_ adjusted 
to a suitable value, a potential v/as applied v/ith the Ampot. 
The off balance A.C. signal v/as fed through the amplifier to the 
50. 
Y plates of the oscilloscope. A loop of wire attached to the 
X plate3 of the oscilloscope served to pick up 60 cycles. The 
result on the scope face v/as a pulsating Lissajou figure. By 
adjusting R and C , the pulsations were brought to a minimum, 
which v/as taken as the balance point. This type of balance was 
used because of considerable 60 cycle pickup introduced to the 
Y plates from the electrodes in the furnace. 
Calculations of R„_ and C , the gross series resistance 
and capacitance in Figure 11 were made by the follov/ing formulas: 
n R 
C =: p _ 
R ° 
xs 
The advantage of the parallel measuring circuit is apparent in 
that large values of capacity can be measured without the neces-
sity of using a large standard capacitor. Rather, the measured 
capacity depends on the ratio of R to R, . 
Curves were run by applying the fixed D.C. potential, 
balancing the bridge at the desired frequency setting, then 
cha.nging the D.C. potential and again balancing. 
As the D.C. potential v/as increased, current began to flow 
from E. to ground, through the resistance Ro, through the Ampot, 
where the meter, M, measured the current, then back through E0 
to E,. Thus, a plot of the current behavior as the potential was 
changed could be measured at the same time as the impedance. 
The residual current did not affect the impedance measurements. 
Since the maximum potential output of the Ampot was only 3 volts, 
51. 
it v/as necessary to lower the resistance of Ro if currents 
greater than 4 microamperes "..-ere to pass. The effect of lower-
ing Ro v/as to increase the potential across E, and Eg. 
The result of changing the D.C. potential, with a reducible 
ion in the melt, v/as to deposit the metal on the platinum micro-
electrode. By then reversing the direction of polarization, 
the current-voltage eurve was retraced, except that the curve 
crossed the zero current axis because of the oxidation of the 
metal deposited on the microelectrode. By changing the D.C. 
potential, larger and la.rger anodic currents could be drawn. 
These, of course, were not diffusion limited as were the reduc-
tion currents. Thus, the c mbination of the ammeter, !•!, and the 
potentiometer gave a current-voltage curve and the bridge could 
be balanced at fixed microelectrode potentials and fixed anodic 
currents. 
A 'null' potential, that is, the potential of the metal 
plated microelectrode with respect to the reference platinum 
foil, could be measured by opening the direct current path 
through resistor Ro and measuring the open circuit potential 
betv/een 3, and E_. 
The results of the experiments are best presented in a 
series of graphs. The conditions under which the experiments 
were run are presented on the graphs. The temperature v/as 
425+lO°C. for the fused salt systems. All graphs except 
Figures 13, 14 and 15 are for fused salts. 
Figures 16 and 17 show the residual values of C and R„„, 
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57. 
of the imagined series circuit without any reducible ions added. 
Note the pronounced frequency dependence, showing that this Is 
not simply a measurement of a double layer capacity ajid. a- solu-
tion resistance, which would be frequency Independent. 
The graphs for C , R and i, all against E, for the for-
ward polarization on melts containing nickel ions, Figures 18, 
and 19, and cobalt ions, Figure 20, are similar, in that the 
maximum in C,._ and minimum in R,r_ occur at the 'null' potential 
A. S A S 
of the system. For the reverse polarization, Figures 18, 19 
and 21, it is seen that the curves retrace the forward curve 
until the maximum is reached, then show a slight jog; C then 
continues to increase, R,._ to decrease, and the current becomes 
more and more anodic. The current-voltage curve shows a slight 
Jog on the reverse polarization in the vicinity of zero current. 
This jog corresponds to the Jog in the C„_ and R_ curves. It 
is much more pronounced for cobalt than for nickel. 
The behavior of cadmium in aqueous solutions as shown in 
Figures 14 and 15 is very similar, though the maximum in C 
and minimum In R„_ do not appear exactly at the null potential. 
The measurements made in aqueous media were, on the whole, not 
as reproducible as those In the fused salt systems. One reason 
for this may be that small amounts of organic impurities have a 
very marked effect on these impedance measurements. 
Figures 22 and 23 show the effect of frequency variation on 
C „ and R^-. The effect of concentration change Is shown In 
Xo Xo 
Figure 24. Although the null potential shifts more than would 
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C • and the minimum in R shift accordingly. Since the anode 
potential v/as not stabilized by the addition of potential-de-
termining ions, some shift in the anode potential may explain 
why the Nernst equation doe3 not appear to hold. 
The variation of the null potential and C at the null 
potential with time is shown in Figure 25. Since the A.C. sig-
nal is still imposed, there may be some disturbing effect on the 
surface which would affect the potential or there may be a 
change in activity of the freshly deposited metal. The' varia-
tion in C Is not unexpected; any change In the surface area 
or conditions at the surface would affect C , 
The curves for potassium tetrachloroplatlnate(Il) In the 
melts, Figure 26, are similar to those for cobalt a.nd nickel, 
except that It must be realised that with two platinum electrodes, 
0 Volts applied represents the null potential. The resistive 
component, R„_, is slightly different for the melts containing 
tetrachloropla.tina.te(ll) Ion than for the system containing 
nickel or cobalt, reaching a maximum at the null potential and 
falling off on either side. However, it eventually shows an 
increase on the negative side of the null potential. 
Since theory predicts that the capacitative and resistive 
components of the electrode reaction should vary inversely as 
the square root of frequency, C, , R and rr-i— are plotted 
w xs 
against the reciprocal of the square root of frequency for 
nickel-nickel ion, in Figures 27 and. 28, and for platinum-








T T T T T 
Figure 25 
C XB and null potential as function of time, open circuit 
NiCla in KCl-LiCl, Ni plated on microelectrode | 
C X 8 measured at 1000, 200, 100 and 20 cps . o 
O (a) Electrodes shorted at OV applied through 
O ,5 Megohm resistor, -1.7 microamperes « 
anodic current is passing 
(b) Open circuit 











« * » 
o o o © 





e o o e 





O o o 
% o o 
% 



















"so fe te k "To 20 30 40 50 60 
Time in Minutes after Opening Circuit 
* 
j_L 
80 90 100 
— I 1 
Reverse *\ Tofward 





















CXB, Rxa and i vs E 
27 mgms K3PtCT4 in 113 gm KCl-LiCl 
1000 cps 









* TA: X X 1 X TH 5 m rT2 TT3 ^74- ..5 
Microelectrode Potential, Volts vs. Platinum Referenoe 
ACxs 





 a n d RXfl V 8 1/Jf 
NiCl , i n KCl-LiCl 
Nickel p l a t e d e l e c t r o d e a t n u l l p o t e n t i a l 
220 O X c 
xs 






Jn •uns v / f TO0~ ON 
CO 
. 










Cxs vs l//f 
At fixed values of anodic current 
NiCla in KCl-LiCl 
Nickel plated electrode 
y > / 
X* 
X / 
xx •* x / 





























Cxs •• 1 / ^ 
At fixed value8 of anodio current 






C x s vs l//f 
At fixed values of anodic current 









and RXB vs l//f 
At fixed values of anodio ourrent 
















Xc and RXB VB I/JT 
At fixed values of 
anodic ourrent 
43 mgms K8Pt014 in 113 gm KC1-L1C1 






null potentials and at various anoddc currents for these systems. 
Although Cxe, and R,^ Include the electrode reaction resistance 
and capacitance, they also include the solution resistance, the 
double leyer capacity and any frequency dependent resistance 
and capacitance arising because of a secondary electrode reac-
tion, such as accounts for tho residual current. However, since 
the maximum changes in impedance will be due to the primary 
electrode process, that is', to the reduction of the metal ion, 
the gross effect of such changes will be reflected in C,r_ and 
Rys« It is observed that, for the most part, the Cxs and RXQ 
plots against the reciprocal of the square root of frequency 
do fall fairly well on straight lines, except for the resistive 
component for platinum-tetrachloroplatinate(ll) system in Figure 
32. However, except at the larger values of anodic current, 
the curves for Xn and R.,_ are inverted, that is, the plot of 
Gxs AB 
X- lies above that of R . 
yj XS 
XS , • n • 
Figure 33 shows the total impedance, Z = /x„ 2 + R 2, 
v xs 
of the electrode process plotted against potential for the 
reduction of cobalt ions. The minimum impedance occurs at 
the null potential. 
Figure 34 is a plot of C and R„_ with both cobalt and 
nickel ions In the melt for the forward polarisation, while 
Figure 35 Is for the reverse polarisation. Maxima in the C„„ 
xs 
plot correspond to the null potential of the cobalt and nickel, 
as do the minima in the R.._ nlot. The current-voltage curve 
.A.S 
is not well defined because the residual current becomes 
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3. Discussion 
As previously mentioned, when impedance measurements 
are made in aqueous solutions using the dropping mercury elec-
trode, the solution resistance and double layer capacity are 
measured and are frequency independent. However, as indicated 
In Figures 16 and 17, the 'residual* capacity and resistance 
are not frequency independent. Grahame has attributed this 
frequency variation at solid electrodes to the non-homogeneous 
character of solid metal surfaces. Hlllson has suggested that 
a measurement of the double layer capacity at a solid electrode 
could be made by plotting C against the reciprocal of frequency 
and extrapolating to Infinite frequency. The solution resistance 
could also be measured In a similar manner. There are, however, 
difficulties inherent In this method. The residual current in 
fused salt polarography, or In aqueous polarography employing 
solid electrodes, is a faradajc current, while the residual cur-
rent obtained using the dropping mercury electrode is non-
faradalc in origin, caused by the charging of the double layer 
at the continuously forming electrode-solution interface. This 
faradalc residual current would probably contribute some freq-
uency dependent character to any resistance or capacity measure-
ments, especially at lower frequencies. Thus, even if the 
values of the residual C and Rvri were extrapolated to a value 
XS xs 
at Infinite frequency, the use of these values might not be 
sufficient, since it would be used in a case where the frequency 
dependent component arises from the 'residual reaction* plus 
that of the primary reaction being studied. One possible way 
in which this problem may be resolved would be to consider two 
parallel networks, one due to the 'residual' reaction, the 
other due to the primary electrode process. 
In spite of the inability to complete the calculations by 
properly subtracting out the double layer capacity and solution 
resistance, certain gross effects may be noted from the raw C 
and R plots. For the forward oolarlzation, the maximum in xs 
C o and minimum in R„_ occur at the null potential. For the XS xs 
reverse polarization, as has been nointed out, the curves re-
trace to the maximum or minimum, then, In the vicinity- of the 
null potential, suffer a slight jog and C continues to in-
"* XS 
crease while R „ decreases as the current becomes more anodic, xs 
An attempt to determine theoreticelly why this occurs will now 
be made. The general technique is similar to that of Grahame -
(72). To simplify the treatment as much as possible, the double 
layer capacity and solution resistance will not be considered. 
Also, we will assume that the only faradalc process occurring 
at the electrode is the primary one, consisting of the deposi-
tion of a metal onto an initially inert electrode, followed by 
the stripping of the metal on reverse polarization. 
Consider a microelectrode to which is applied e steady 
D.C. potential on top of which is inroosed a small alternating 
potential. If the net faradalc current is designated by i, it 
will be composed of two parts, 1 , due to the steady D.C. po-
tential and a sinusoidal component due to the alternating 
current. Thus 
80. 
1 = l + a sinw t (l) 
where a is the amplitude of the resultant alternating current. 
We are assuming a reversible process; we will consider the total 
change with time of the potential at the electrode-solution 
Interface. This potential change will be due to the resistive 
and oapacltatlve components of the electrode reaction. V;e will 
designate these by C and Ra respectively. Since we are only 
S 5 
considering the variation of E with time, we write 
dE _ R dl . (i - ln) /pN 
at - Rsdt + —>r-£- • {2) • 
GS 
and by differentiating Equation 1 with respect to time, 
| | = aioR0 cos<J t + §- sintf t (3) 
s 
If we consider the total faradalc current as due to the deposi-
tion of the metal ion, Mn , where M11 is the reducing species 
diffusing to the electrode in an excess of indifferent electro-
lyte, this faradalc current will depend on the electrode area, 
on the concentration of Vr in the solution, or, more correotly, 
n+ on the surface.concentration of M , and on the potential across 
the interface. It is obvious that we may consider E or 1 as the 
independent variable. To eliminate carrying a term for the area, 
we shall regard 1 as amperes per square centimeter. We may 
therefore write 
E = f(l, 0o) 
where C is the concentration of Mn+ at the electrode surface. 
Therefore, 
81. 
= * & + (3 ^ 2 (4.) 
o * ' 
Differentiating Equation 1 with respect to t and substituting 
into Equation 4a, 
^| = ©accost; t + 3 ^o (5) 
dt 
and equating the r i g h t hand s ides of Equations 3 and 5, 
acJR cosu) t + 7*— sinw t = © a i j c o s ^ t +a o (6) 
B . Gs p d T ~ 
The evaluation of R and C thus depends on evaluating 0, (3 and 
dCo 
""aT ' 
The net current flowing across the mlcroelectrode-Bolution 
Interface may be represented as the difference between a forward 
current, lf, and a backward current, i~, whence 
where 
1 = lf - lb (7) 
if = n F CQ kf (8) 
lb = n F 1^ (9) 
since the current is dependent on the rates of the reaction in 
the forward and reverse direction. Note that there is no con-
centration term in the expression for the backward current, 
since It involves metal being stripped from a solid electrode 
surface assumed to be at unit activity. The rate constants, 
kf and k., may be written in the potential dependent form 
kf = k° exp - 2$£i (10) 
k^ = kg exp (1 -«* )2g§ (11) 
as presented by Glasstone, Laidler and Eyrlng (67). In these 
expressions, kS and k- are specific reaction rate constants for 
the forward and backward process, whose magnitude depends on the 
zero of the potential scale chosen, n is the number of electrons 
involved and ô  represents the fraction of the potential, E, 
which aids the forward reaction. Substituting Equations 10 and 
11 into 7,8 and 9, we obtain 
lf = n F C0 k° exp - °< Sjg (12) 
ib = n F kg exp (1 -<* )2g§ (13) 
i = n F 0o k° exp - ̂  £{g - n F kg exp (1 - <x >2gg (14) 
Differentiating Equation 14 with respect to E, and rearranging, 
If we define 1 „ as the average of the absolute values of the av "•" 
forward and reverse currents, weighed according to the fraction 
of the potential which favors each reaption, then 
i a v =<* if + (1 -<* )ib = c X i + l b (16) 
and substituting this into Equation 15, 
83. 
^1 _ nF . _ 1 /17\ 
The minus sign occurs because of the choloe of potential 
sign convention. Choice of the opposite sign convention would 
result in a negative sign in the evaluation of (3 . Since +1 
is arbitrarily taken as the cathodic current and °f likewise 
Is arbitrarily taken as the transfer coefficient for the cathodic 
reaction, we are only concerned, as Grahame (72) points out, 
with the absolute values of © and (3 . 
Therefore, at equilibrium, if =: 1, = i , and 1 = 0, hence 
nF - _ 1 nsF8 C. -. k~ 
RT ^ q = S = ^ u l k f (18) 
remembering that at equilibrium C = c b u l v» 
Since M1"*" i s the diffusing species, F ic i ' s diffusion laws 
will govern the diffusion to the electrode surface, and we may 
write 
4£ = ̂ ^ (19) 
_D * | = n u x = y = 10 + a Blimt ( 2 0 ) 
where D is the diffusion coefficient of Mn+ and x the distance 
from the electrode surface. The solution_to~the above differen-
tial equations, as given by Grahame, is 
Cx,t = f (x' t} +nF*W ex? -*M[Bln (<Jt - X /E ) -
cos ( W t - x / | $ ) J (21) 
where f(x,t) satisfies the diffusion equation when a is 0, that 
is, when there is no applied A.C. signal. For a steady state 
84. 
n+ situation, that Is, a situation where the concentration of M 
at any distance x from the electrode is a constant independent 
of time, f(x,t) reduces to a function of x only. It is possible 
that the concentration of M n + at a distance x from the electrode 
will not be governed by steady state conditions, but will -slowly 
drift v/ith time. If the drift were slow enough, the effect of 
the A.C. signal would still be the predominant factor in the 
concentration change at the electrode surface. We shall, there-
fore, consider that f(x,t) reduces to a function of x alone, 
and, if we differentiate Equation 21 with respect to t and evalu-
ate at x = 0, we obtain, noting that C = CQ at the microelectrode 
surface 
«^Co a i~. 
"pT~ ~ nP / - ^ (sinwt + coscjt) (22) 
Substituting Equation 22 into Equation 6, we obtain 
a««;Ra ooswt + §- sinwt = 0 acjcoswt + -^f* /~^ij^
eina; * + cosot) 
(23) 
and, equating coe f f i c i en t s of the sine and cosine terms, 
Rs = ° + nTvW (24) 
c = 2ZJM ( 2 5 ) 
Eliminating (3 between Equations 24 and 25 
RQCso; = 1 + ©CaW (26) 
and, for a very rapid r eac t i on © approaches zero , whence 
RgCgW = 1 (26a) 
85. 
which means the phase angle between the resistive and capacitative 
component of the reaction is 45°. 
By Equation 4c, 
' - « - - ( - # fe)- •{&) (27) 
Differentiating Equation 14 with respect to C 
fr = £ < 2 8 ' 
v o o 
from which 
\ o/ o o \ av/ 
Rewriting Equation 25 by substituting Equation 29 




s = 7T 
and calling ^ ./ — = A 
C = ̂  (31) 
& ) 
Similarly, we may write for Equation 24, 
+^fy Rs = e +,-n-7r?r-/Ti-y (32) 
At the nu l l p o t e n t i a l . I = 0, f = 1 , and C = C, , . 
' —̂ ' o bulk 
-av 
c =Aa „ R„ = © + -1 
s bulk - . „ - „ , w A S u i k 
and 
R 1 Q RT 1 
Rs - OT; ~ °eq - nT T^ 
Ca and (R„ - ©) represent the capacitance and resistance of s s 
the Warburg impedance which is independent of the rate at equi-
librium, v/hile © represents that added resistance due to the 
rate of the reaction. If © is large, as it v/ould be for a 
'slow' reaction, no impedance change will be measured because 
the double layer capacity impedance, which is in parallel to 
the electrode reaction impedanoe, will prevent the measurement 
of an impedance many times larger than itself. 
To determine what effect a change in current will have on 
C , it is necessary to look at Equation 31, especially __f , 
av 
which may be rearranged as follows: 
1 1 
T ^ = 1 " * (33) 
xav o ' X L 
T — v + b 
l - « < 7— 
Three cases must be considered. 
(a) i- yy i^. This Is the condition existing when a net 
cathodic current is drav/n as the polarographlc v/ave 
is recorded. If i- >> 1. , *b * 0 and 1f v 1 
and 
3— T~ °*' 
f.. av , if we have a diffusion limited wave, then C • 
7 * o and it may be seen from Equation 31 that C_ will 
s 
approach zero. Thus, as a reduction current Is 
drawn, C s will decrease. 
87. 
(b) if = 1,. This is the condition existing at the null 
i « 
potential. Since, at this potential, -r— = 1, C = 
av 
AC = AC, ... . o bulk 
(c) Ij, << 1. . This is the condition existing when a net 
^b 
anodic current is drawn. Under this condition,•*— £ 
i f
 1 f 
oo , and T— ^ 0, which Impl i e s t h a t C ^ oo , 
av 
since C certainly does not decrease. 
To sum this up: 
^a <*f » hP <&. (if = ibi7 < ̂ a <*f « hP 
Since the resistive component of the Warburg impedance, 
(R - ©), equalsvr-jr-, It is obvious that if C increases, 
s 
(R - ©) decreases, and if C decreases, (R - ©) must increase. 
We consider what the overall effect on a polarization curve 
v/ould be, remembering that we have been considering a reversible 
reaction, which means that 0 is small and we can observe the 
fr.-ra.dalc impedance. 
Initially, we have an inert microelectrode which is being 
polarized in the forv/ard direction. At some fixed potential 
deposition of the metal should occur. This potential should be 
the null potential. It has been shown above that C_, for the 
s 
case if = 1̂ ", is greater than if a cathodic current is being 
drawn. Therefore, on the forward polarization, C should reach 
a maximum at the null potential and (R_ - ©) a minimum at the 
3 
same potential. 
For the reverse polarization, as the anodic current due 
to the dissolution of the metal occurs, C should increase as 
' s 
88. 
the anodic current becomes larger and larger. (RQ - ©), con-
versely, should continue to decrease. 
In general, the experimental evidence is In line with these 
derivations. The maximum in C _ does occur at the null poten-
xs 
tlal on the forward polarization; the total electrode Impedance 
is a minimum at the null potential. When an anodic current is 
drawn, C continues to increase. The theory predicts that 
XS 
C and (R_ - ©) should vary inversely as the square root of s s 
frequency. It must be realized that what is measured is not C_ 
and (Rs + ©), but a gross capacity and resistance which might be 
expected to show the gross changes in C and R . Therefore, the 
agreement shown in the plots of 0 t rj-S— and R against the 
xs 
reciprocal of the square root of frequency Is reasonable. 
At this time, no reason can be given for the jog in the 
current-voltage curve, which is repeated in the C _ and R„_ plots, 
XS xs 
Further work on this point would be of interest. 
Another point of Interest may be mentioned. In the deposi-
tion of cobalt and nickel, It is noted that the capacity begins 
to inorease well before the null potential is reached and before 
the sharp break in the current-voltage curve begins. Since the 
pseudo-capacity depends on the equilibrium due to the reaction 
M n + + ne ;==» M 
and since there should not be any metal deposited on the inert 
microelectrode before the current-voltage curve breaks at the 
null potential, the possibility of metal deposition before'this 
potential must be considered. Rogers has shown that, in very 
89. 
dilute solutions, a deposition of silver of less than a mono-layer 
takes place at a potentla.1 more positive than the Nernst equation 
v/ould predict (130,131,132,134). Although further proof would 
be needed to establish the existance of such a deposit in this 
system, such behavior might explain why the pseudo-capacity, 
although reaching a maximum at the null potential on the forv/ard 
polarization, does start to increase well before the null potential. 
90. 
IV. SUMMARY ' 
The use of a platinum foil as a reference electrode In 
fused salts has been shov/n to be satisfactory. The anode reaction 
Involves the dissolution of the platinum, apparently to form plat-
Inum(Il), v/hich presumably exists in the KCl-LiCl melt as a chloro-
complex, such as tetrachloroplatinate(Il). 
Several methods to remove water from the melts have been 
used. Although the use of a vacuum drying technique leaves much 
to be desired, it does remove v/ater from the melt, as Indicated 
by the increased region of lov/ residual current on a polarographlc 
curve. Polarographlc curves for the reduction of cadmium, nickel, 
cobalt and tetrachloroplatinate(ll) are presented. The plots of 
the log (i^ - l) vs. E for nickel and tetraohloroplatlnate(ll) 
give theoretical slopes under certain conditions. The use of a 
glass diaphragm to (Separate anode and cathode compartments in 
fused salt polarography has been found to be feasible. 
Impedance measurements have been made In the fused salt 
using solid platinum electrodes. The deposition of nickel, co-
balt and platinum, from tetrachloroplatinate(ll) Is considered 
reversible as a result of these measurements. A theoretical 
treatment of the behavior of the capacitative a.nd resistive com-
ponents of the electrode reaction Is presented and the experiment-
al evldenoe appears to be in accord. 
' 9 1 . 
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